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ABSTRACT 
Successful groundwater recharge requires a combination of 
conditions which allow optimum flow rates and satisfactory removal of 
contaminants. It has been shown that the local soil (Bassendean sand) in a 
proposed recharge basin on the Swan Coastal Plain would not be suitable for 
removing nitrogen using spreading basins with an alternate flooding and drying 
operation. 
A mathematical model has been developed to simulate nitrogen 
removal under the above conditions, and based on a simplified version of the 
model limiting conditions on soil properties and operating variables have 
been derived within which nitrogen removal can be expected. The mathematical 
model points to areas where further work is required to enable optimization 
of nitrogen removal to be carried out. It also suggests that under a regime 
of 7 days flooding and 5 days drying that Pyrton Sandy Loam or a mixture of 
20% Pyrton Loam and 80% Spearwood Sand, would be suitable soils if placed on 
the recharge site to a depth of 1 metre. 
INTRODUCTION 
Groundwater recharge using treated sewage has been considered,in 
Perth over a period of time for a number of reasons. Wastewater treatment 
plants located inland, some up to 32 km from the coast (Sanders 1974), have a 
problem of disposing of their treated effluent as the Swan River Management 
Authority does not allow any effluent (regardless of quantity and quality) to 
be discharged to the natural water courses. Perth, which is located on the 
Swan Coastal Plain has extensive unconfined groundwater in sandy aquifers 
making them apparently suitable for recharge. Demand for water from this 
resource is increasing for public water supply purposes (O'Hara 1973) • A 
replenishment with water of a constant assured flow and reasonably consistent 
quality is attractive. 
Based on the recommendations of commissioned consultants (Binnie & 
Partners 1976) the Perth Metropolitan Water Supply Sewerage & Drainage Board 
has initiated a pilot plant project to recharge the Jandakot groundwater mound 
with secondary effluent from the Canning Vale Wastewater Treatment.Plant 
(Metropolitan Water Supply Sewerage & Drainage Board 1979). Six infiltration 
basins with a total area of 4,800 m2 have been constructed on a 64 hectare 
site near to the plant. Anticipated inflow to the recharge site will be 
1,000 m3 per day. 
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Treated effluent is to be applied to the spreading basins 
alternately resulting in flooding and drying cycles, based on experience 
elsewhere, particularly the Flushing Meadows project (Bouwer 1974) . This 
mode of operation has been found in other projects to enhance the removal of 
pollutants, particularly ammonium-nitrogen, thus reducing the contamination 
of the groundwater, while still maintaining a relatively high application 
rate. 
Studies on the long term effect of this method of wastewater 
reuse indicate that there are no lindesirable effects on the soil and the 
groundwater (Pound et. al. 1978, Koerner & Haws 1979, Aulenbach 1979). It 
also appears that if nitrogen can be successfully removed, other organic 
pollutants including pathogenic microorganisms are also removed. 
A laboratory and theoretical simulation project to complement the 
effort of the Metropolitan Water Supply Sewerage and Drainage Board was 
commenced at Murdoch University in 1977. A literature search was carried out 
to develop the most appropriate mathemat_ical model to describe the removal of 
nitrogen. The resulting model is discussed below. At the same time soil 
columns were constructed to carry out laboratory simulation of the recharge 
operation. A description of the soil columns and their instrumentation has 
been given elsewhere (Mathew, Ho & Newman, 1978) . 
. One column was -filled with soil from the proposed recharge site. 
The soil is commonly known as Bassendean sand. Its properties are quite 
uniform from the surface to a depth of about 3 m, where the average water 
table is found. The effective size of the particles was found to be 0.15 mm, 
and the uniformity coefficient was 2.35. Bulk density in the field was 1.55 
and the soil in the column was packed to this density. The permeability of 
the soil was 25-30m/d using rain water. The soil's adsorption capaci·ty for 
ammonium-N was 0.5 meq/100 g determined using the ammonium saturation method 
(Black 1965). When equilibrated with ammonium solution containing 20 mg/t 
ammonium-N the soil adsorbed 3 mg N per kg of soil. The pH of the soil was 
4.5 (Ca c1
2 
method, Black 1965). 
The soil column was operated with a cycle of 9 days flooding and 
6 days drying based on the Flushing Meadows' experience. An influent solution 
containing 20 mg/t nitrogen as ammonium sulphate and 15 mg/t carbon as glucose 
was used. Each day a few millilitres of sewage effluent was added to initiate 
the growth of organ1sms for nitrification and denitrification. Application 
rate during flooding was controlled to between 0.5 and 1.0 m/d by throttling 
the effluent from the column. After 4 months of operation (8 cycles), 
negligible removal of nitrogen took place, with nitrogen escaping from the 
column as ammonium ions. 
A closer look at the system and its operation revealed that the 
soil used did not possess a sufficient adsorption capacity for ammonium ions 
for nitrogen removal by the proposed method. This is consistent with the 
very low attenuation of heavy metals also found in Bassendean sand (Newman 
& Marks 1979). This led to a concerted effort to find out the minimum 
adsorption capacity required for effective nitrogen removal by examining the 
theoretical model. As a result of this exercise a simplified model was 
derived from which the limiting conditions for successful nitrogen removal 
can be deduced. Soils of the Swan Coastal Plain were then investigated to 
see if any were suitable for use in the proposed recharge site. The results 
of the modelling and experimental work and their implications for recharge 
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management are presented in this paper. 
NITROGEN REMOVAL BY ALTERNATE FLOODING AND DRYING: A SIMPLE MODEL 
A review and discussion of the processes involved in nitrogen 
removal has been presented elsewhere (Mathew et. al. 1978). Basically during 
flooding two processes take place simultaneously. Ammonium ions in the 
wastewater are adsorbed by the soil, and nitrate ions in the soil are 
denitrified and also leached by the wastewater flow. During drying the 
adsorbed ammonium ions are nitrified to nitrate ions. The nitrification and 
denitrification processes ~re carried out by microorganisms, and suitable 
conditions must prevail for their existence and growth. 
A mathematical model that we have developed to describe the physical 
processes (flow and dispersion), chemical processes (adsorption/ion exchange) 
and biological processes is presented in the Appendix. Solutions are available 
for the equations describing the ammonium adsorption and nitrification 
processes, but because of the nature of the boundary conditions (governed by 
conditions at the end of the nitrification process) a complete solution is 
still being developed and will be discussed and presented elsewhere. 
A simplified model, however, can be derived from the above model, 
for the purpose of obtaining limiting conditions beyond which effective 
nitrogen removal cannot be expected, and within which optimization can be 
carried out by, for example, varying the length of the flooding and drying 
periods to maximize nitrogen removal. The model also points to model 
parameters which have to be experimentally determined, and these give guidance 
to the areas where further research is required. 
Flooding period 
(i) Adsorption of ammonium ions 
Ammonium ions are adsorbed by the soil as long as its adsorption 
capacity has not been exceeded. From the point of view of utilizing the soil 
adsorption capacity, it is desirable to flood a recharge basin until the soil 
is saturated with ammonium ions. Flooding over a longer period results in 
ammonium ions leaching into the groundwater, whereas using a shorter period 
means that not all the adsorption capacity of the soil is utilized. 
Equation (3) (Appendix) describes the adsorption of ammonium ions 
as effluent percolates down the soil. A solution to the equation gives the 
'breakthrough' curve, relating ammonium-N concentration in the percolate as 
a function of flooding time. A simplification of equation (3) can be made if 
the effect of D can be neglected. The flooding period to achieve complete 
saturation of the soil is only dependent on the soil adsorption capacity and 
the wastewater application rate. 
The soil adsorption capacity is dependent on soil type and 
composition, and on the concentration of ammonium ions and other cations in 
the soil and in the solution in contact with the soil. The presence of other 
cations, especially those with higher electric charges, reduces soil capacity 
to adsorb ammonium ions since they compete for adsorption sites and may be 
preferentially adsorbed. The properties of the wastewater are governed by the 
degree of purification it receives. Although tertiary treatment using either 
biological nitrification and denitrification or chemical processes can be 
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carried out in specially designed plants, the objective of the present 
exercise is in removing nitrogen using the soil system; thus sewage which has 
undergone secondary treatment is assumed in this paper. 
In existing recharge projects, the soil at the recharge site has 
usually been used without modification. There is, however, no reason why the 
soil properties cannot be amended by the addition of sewage sludge or clay to 
sandy soil to increase adsorption capacity. As only the first one metre of 
soil below a recharge basin plays the major role in nitrification and 
denitrification, soil amendment is practical, and indeed essential for soil 
which has no adsorption capacity. 
Wastewater application rate is an operating variable. It can be 
varied by adjusting the liquid head in the recharge basin, or by placing 
fine materials or sludge at the base of the recharge basin when the soil is 
very porous (sandy) • A low application rate enables the use of a longer 
flooding period, while a high application rate results in a shorter flooding 
period to saturate the soil adsorption capacity. 
It has to be noted, however, that wastewater application rate and 
soil adsorption capacity cannot be changed completely independently of each 
other. The soil adsorption capacity increases with clay and organic matter, 
roughly proportionally to the clay and organic matter content (Lance 1972); 
on the other hand infiltration rate decreases very rapidly with an increase 
in clay or organic matter content of the soil. As more clay/organic material 
is added, the smaller becomes the range over which the infiltration rate can 
be varied. 
The determination of the minimum and desirable soil adsorption 
capacities depends also on the denitrification that takes place during 
flooding. 
(ii) Denitrification 
Denitrification takes place during ~looding, since flooding provides 
the anaerobic condition essential for this microbiological process. Flooding 
cannot therefore be too short, for anaerobic conditions and a culture of 
microorganisms have to be established. Further time is required for the 
denitrification process to approach completion, which is governed by the rate 
of biochemical conversion. The latter is dependent on temperature and the 
availability of organic carbon. Organic carbon can be added to increase the 
conversion rate. It can be added in the form of primary effluent, but 
addition must be controlled, so that it is not in excess and pollute 
groundwater. 
The longer the nitrate ions remain in the soil under anaerobic 
conditions, the greater the degree of denitrification. This implies a low 
infiltration rate which also results in less nitrate being leached to the 
groundwater before being denitrified (Lance 1975). Since denitrification 
follows approximately a first order reaction kinetics, (Balakrishnan and 
Eckenfelder 1969, Stanford et. al. 1975, Starr and Parlange 1975) its rate 
decreases as the reaction approaches completion, and there is a flooding 
period beyond which the marginal increase in denitrification with increasing 
flooding period is small. So an unnecessarily long flooding period is not 
desirable either. 
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A situation may exist where the soil adsorption capacity is 
relatively low, and the flooding period to achieve full saturation of the 
soil is short. Denitrification may not have proceeded sufficiently far 
enough during the short flooding period. On the other hand when the soil 
adsorption capacity is very high, with a very long period of flooding to 
achieve full saturation of the soil, denitrification may have essentially 
been completed before the end of flooding. 
The above discussion points to the use of a soil with a relatively 
large adsorption capacity, using a low infiltration rate and a long enough 
flooding period to achieve a high degree of nitrogen concentration reduction. 
The total amount of nitrogen removed is, however, the product of the 
infiltration rate and the nitrogen concentration reduction, and it is this 
product that has to be maximized. A lower concentration reduction and 
a high infiltration rate may result in a higher total removal. A higher· 
infiltration rate also results in smaller basins for a given daily flow of 
effluent to be handled, and evaporation losses will be correspondingly 
smaller. 
The solution to equations (10) and (11) with the appropriate 
boundary conditions will give the nitrate ion concentration in the percolate. 
Neglecting, for the moment, the leaching of nitrate ions from the soil 
(k
1 
= 0 in equation (11)), the nitrate ion concentration-reduction in the 
so1l is given by an equation similar to equation (9), since by neglecting 
leaching, equation (11) reduces in form to equation (8). 
The rate constant k* for denitrification reported in th~ 
literature under different situations varies from 0.4 to 31 x 10- ppm/dayjcm3; 
organism (Ardakani et. al. 1975, Volz and Starr 1977, Focht and Chang 1975, 
Bremner and Shaw 1958) depending on the availability of organic carbon, 
temperature and environmental conditions. Under groundwater recharge 
conditions in temperate climates a value of 3 x 10-4 ppm/day/cm3/organism 
seems reasonable to assume. Similar variations in km* and y * are found 
in the literature quoted above, and the following values are
00
considered 
applicable in ground water recharge using treated sewa~e: km* = 125 ppm, 
Y
00 
= 1.5 day-1 . T~e number of microorganisms per em of soil has been 
found to go up to 10 or more. Since aerobic and anaerobic conditions 
prevail alternately, the number of aerobic nitrifying bacteria and 
anaerobic denitrifying bacteria fluctuates with time within each cycle. 
The number of denitrifying bacteria increases when anaerobic conditions 
develop, nitrate is available and organic carbon is supplied by the 
downflowing liquid. The number may reach a high plateau when flooding is 
long enough. During the drying period the number decreases again. · A 
figure that seems reasonable to assume for the number of denitrifying 




Employing the above values for the various pa.rameters, equation 
(9) indicates that denitrification· begins to be noticed only after 5 days 
when approximately 10% of the nitrate is denitrified. This is because it 
takes that long for the population of denitrifiers to build up to a 
sufficiently high number. If the initial number of denitrifiers is assumed 
to be 1000 organisms;cm3 , then it takes 3 days for approximately the same 
amount of nitrate to be denitrified. Once the culture is well established, 
however, it takes only a further 2 or 3 days for most of the nitrate to be 
denitrified. 
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The effect of leaching is to take away nitrate ions from the soil 
to the solution. Although microorganisms attached to the soil can assimilate 
nitrate from solution, the general movement of the nitrate ions is from the 
regions close to the surface of the soil particles to the bulk of the 
solution, because of the difference in concentrations. Leaching therefore 
decreases the degree of denitrification. No figure can be obtained from the 
literature for the leaching rate constant k in (11), although its value is 
expected to increase with infiltration rate~ 
The minimum flooding period necessary for denitrification to take 
place is hence 5 days. The minimum required soil adsorption capacity can now 
be calculated, since we must have a soil that can adsorb ammonium ions applied 
for at least 5 days with the slowest effluent (volume) application rate. As 
an infiltration rate of less than 0.2 m/d will result in excessively large 
basin areas, it can be adopted as the minimum desirable rate. Therefore, 
since secondary effluent usually contains around 20 ppm ammonium-N, the 
simple model can be used to calculate that the soil adsorption capacity for 
ammonium ions must not be less than 30 mg ammonium-N per kg of soil. 
Drying period 
When flooding is stopped the liquid remaining in the soil continues 
to percolate down. Aerobic conditions in the top 1 m of the soil are only 
established after liquid in this section has completely drained. A sufficient 
time must therefore be allowed for this to be achieved as nitrification is an 
aerobic process. The drying period must allow nitrification to proceed to a 
reasonably high degree since ammonium ions remaining in the soil occupy 
adsorption sites that will not be available in the next flooding period, 
thus effectively reducing the adsorptio~ capacity of the soil. 
Equation (9) gives the reduction of ammonium ions concentration 
with time. Values of km, yoo and k reported in the literature for many 
situations vary considerably (Ardakarni et. al. 1974(a), McLaren 1969, 
McLaren 1971, Ardakani et. al. 1974(b), Knowles et. al. 1965). The following 
values are considered applicable under recharge conditions: km - 8 ppm, 
y = 1.5 day-1 , k = 6 x 10-2 ppm/day/cm3/organism. Using these values 
a~d 100 organisms/cm3 of soil as the number of bacteria at the beginning of 
the nitrification stage, about 10% of nitrification takes place after one day, 
and most of the ammonium ions are nitrified in a further 2 days. 
Simplified model 
The simple model can now be summarized using the values determined 
above. Table 1 lists the values of variables and parameters that form the 
limits outside which nitrogen removal by alternate flooding and drying using 
recharge basins cannot be expected to perform satisfactorily. Also listed 
are limiting environmental conditions that govern biological nitrification 
and denitrification generally (temperature, pH). 
APPLICATION OF SIMPLE MODEL TO CHOICE OF SUITABLE SOIL 
The most obvious point to be made from the simple model as 
summarized in Table 1 is that it is quite clear why Bassendean sand is 
totally unsuitable as a soil for recharge work: its adsorption capacity is 
far below the minimum requirement. The next section of the paper therefore 
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Variable/parameter 
1. Soil adsorption 
capacity 
2. Soil pH 
3. Temper a ture 
4. Infiltration rate 
5. Flooding period 
6. Drying period 
Limiting values 
Not less than 30 mg 
NH
4
-N per kg of soil 





6 < pH < 7.5 (ie. 
sufficient bicarbonate 
must be available) 
15 < T°C < 35 
0.2m/d <u <1.0 m/d 
Greater than 5 days 
Greater than 4 days 
Remarks 
To ensure that a suffi-
ciently long flooding 




To obtain reasonable 
rates of biological 
reactions (at least 
70% of optimum rate) 
Higher rates leach 
nitrate out of soil 
into groundwater. Too 
low a rate results in 
excessive basin area 
To allow anaerobic 
conditions to develop 
and denitrification to 
proceed 
To allow liquid to 
drain off soil~ create 
aerobic conditions and 
allow nitrification to 
proceed 
Table 1. Region for satisfactory N-removal based on simplified model. 
presents the examination of other soils with potential for use in recharge 
on the Swan Coastal Plain. 
Before pursuing these soils there are a number of general points 
that can be made on the basis of the simple model, about groundwater 
recharge using alternate flooding and drying of spreading basins. 
Frequent short flooding and drying periods will not remove nitrogen, 
~~ at the most transformation to nitrate is achieved, e.g. Lance and Whisler 
(1972) observed nitrification only is achieved with 2 days flooding and 5 days 
drying. Similarly in field work carried out by the University of Colorado 
(Smith et. al. 1979), one day flooding and 2~ days drying only produced 
nitrification. Continuous flooding of a basin as at Milton, Wisconsin 
(Benham-Blair & Affiliates 1979) results in ammonium ions contaminating 
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groundwater as aerobic conditions are not provided for nitrification to 
take place, hence no denitrification. Denitrification being a slower process 
requires a longer time to proceed to completion than nitrification, thus a 
longer flooding period compared to the drying period is usually necessary 
from the point of view of nitrogen removal. In the Flushing Meadows project, 
for example, successful nitrification and denitrification is achieved after 
trial adjustments and laboratory column experimentation with a flooding 
period of 9 days and a drying period of 12 days. 
Experimental and results 
As Bassendean sand, where most. of the unconfined aquifer in Perth 
is located, was found to be unsuitable for the removal of nitrogen, the 
suitability of other soils on the Swan Coastal Plain was investigated. The 
suitable soil had to be available in sufficient quantity and should not be 
located too far from the recharge site. 
The following soils were investigated: 
The other major sands on the Swan Coastal Plain: 
a. Spearwood sand: This yellow or light reddish brown sand originally 
was calcareous throughout, but leaching has removed carbonate from 
the upper horizons (McArthur 1976)~ This soil has a small but 
significant quantity of clay and mineral iron (Newman & Marks 1979). 
Its effective size is 0.19 rom and its uniformity coefficient is 2.0. 
b. Quindalup sand: This is whitish beach sand, containing between 8 to 
36% calcium carbonate (Ho & Nguyen-Cong 1979). Its effective size 
is 0.16 rom and its uniformity coefficient is 1.56. 
Soils from the alluvial parts of the Swan Valley known as the Pinjarra 
Plain: 
Name 
a. Red sandy loam 
b. Pyrton loam 
c. Pyrton sandy loam 
d. Byford loam 
e. Dardanup clay loam 
f. Dardanup silty loam 
g. Dardanup sandy loam 
Location 
Wakelem Bell Bros. Quarry Swan Valley 
Plan 1/80 loc. 132, 800 m west of 
Swan River 
Plan 1/80 loc. 4 near Swan River 
Plan 341/80 loc. 306, 200 m west of 
railway line 
Plan 341/80 loc. 16, 1000 m north of 
loc. 8 
Plan 341/80 loc. 16, 200 m west of 
river 
Plan 341/80 loc. 16, 100 m east of 
house plot 
Mixtures of Spearwood sand and Pyrton loam: 
Since the soil below the recharge basin is to be amended/modified, 
there is no reason why th_ most suitable soil cannot be obtained by mixing 
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two available soils to arrive at the most desirable properties. 
For each soil, its Cation Exchange Capacity (CEC), which indicates 
the soil's adsorption capacity for ammonium and other cations, was determined 
using the ammonium saturation method (Black 1965). For soils which were 
considered promising, the equilibrium relationship between ammonium ions in 
solution and in soil and the hydraulic conductivity of the soil were also 
determined. Ammonium sulphate solutions (50 ml) of concentrations from 5 to 
100 ppm N were equilibrated with 20 g of soil for two hrs, and the adsorbed 
ammonium concentration was calculated from the reduction in solution 
concentration. Analysis of ammonium was by the use of a Technican auto-
analyser. 
Table 2 shows the cation exchange capacity and hydraulic conduct-
ivity of the soils investigated. The concentration of ammonium ions in soil 
in equilibrium with ammonium ions in solution in the presence of other cations 
can be estimated using the U.S.D.A. Agricultural Handbook (Richards 1954). 
In our case we equilibrated the soil with dilute concentrations of ammonium 
solutions. For the 4 soils that have been investigated in greater detail 
(Bassendean, Spearwood, Quindalup and Pyrton sandy loam), there is a direct 
correlation between the amount of ammonium ions adsorbed by the soil in 
equilibrium with 20 ppm ammonium-N solution and CEC: 10 mg N/kg soil is 
adsorbed from the solution per 1 meq/100 g CEC. Thus CEC can be used as a 
guide to the adsorption capacity of the soil for dilute ammonium solutions. 
Application of model to soils 
The application of the simple model as a tool in the selection of 
a suitable soil and possible operating conditions is illustrated by examining 
the results in Table 2 under the three categories of soil shown. 
(i) SWan CoastaZ Plain Sands 
As already described Bassendean sand is unsuitable because of its 
low adsorption capacity. The other two sands on the Swan Coastal Plain are 
very extensive and easily available but they also do not measure up in terms 
of adsorption capacity though they are considerably better than Bassendean 
sand. Their hydraulic conductivities are also too high. It is clear that 
the soil required must have a higher clay content and hence some of the 
alluvial soils were examined. 
(ii) Swan Coastal Plain Alluvial Soils 
Of the alluvial soils, the loams possessing very high CEC's have 
very little hydraulic conductivity (<d.l m/d), thus they cannot be used by 
themselves. Red sandy loam does not have a sufficient adsorption capacity 
(<30 mgN/kg soil). This leaves us with Pyrton sandy loam and Dardanup 
sandy loam. Of these two the Dardanup sandy loam does not occur in 
extensive areas; the Pyrton sandy loam has therefore been selected for 
further study as a soil that can be used by itself below a recharge basin. 
The infiltration rate obtainable with this soil at a bulk density 
of 1.5 and a liquid head of 0.15 m above the soil surface is 3.2 m/d; the 
ammonium-N adsorption capacity in contact with 20 ppm ammonium-N in solution 






* R+ C++ Hydraulic Soil type CEC 
meq/lOOg mgN/kg soil mgN/kg conductivity 
mgN/£ soln. soil m/day 
1. SWAN COASTAL PLAIN SANDS 
la. Bassendean sand 0.5 0.09 2 30 
lb. Spearwood sand 1.5 0.69 6 16 
lc. Quindalup sand 1.3 0.23 3 75 
2. SWAN COASTAL PLAIN 
ALLUVIAL SOILS 
2a. Red sandy loam 2.1 
2b: Pyrton loam 29:0 <0.1 
2c. Pyrton sandy loam 4.8 1.34 19 3 
2d. Byford loam 21.0 <0.1 
2e. Dardanup clay .loam 20.7 <0.1 
2f. Dardanup silty loam 13.0 <0.1 
2g. Dardanup sandy loam 6.5 
3. MIXTURES 
3a. 10% Pyrton loam/90% 
Spearwood sand 4.2 11 
3b. 20% Pyrton loams/80% 
Spearwood sand 7.0 1.7 
3c. 25% Pyrton loam/75% 
Spearwood sand 8.4 0.1 
* Cation exchange capacity (ammonium saturation method, Black 1965) 
+ Slope of equilibrium adsorption line 
++ y intercept of equilibrium adsorption line 
Table 2. Properties of soils investigated 
The infiltration rate is higher than the desirable maximum of 
1.0 m/d. Under field operating conditions the infiltration rate may decrease 
due to suspended solids present in the treated effluent. Compaction of the 
soil or placing a layer of fine soil/sludge at the recharge basin, however, 
may be required to reduce the infiltration rate to the desired level. 
If an infiltration rate of 0.5 m/d is chosen, the flooding time 
required to saturate the soil with ammonium-N can be calculated as .follows: 
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Assume the soil depth that is effective in nitrification 
denitrification is 1m. For a surface area of 1m
2
, the soil 
involved is 1m3 , capable of adsorbing 1500 x 49 mg N = 73,500 mg N. 
Volume of effluent with 20 mg/~ ammonium-N required to saturate the 
soil is 73,500/20 = 3675 ~ = 3.7 m3 . At an infiltration rate of 
0.5 m/d or 0.5 m3/d per m2 of surface area, 7.4 days of flooding is 
dictated by this requirement. 
use of an infiltration rate of 0.2 m/d requires a flooding period 
of 18.4 days, whereas a rate of 1.0 m/d requires a flooding period of 3.7 
days. The latter case results in too short a flooding period based on the 
model requirements. 
Pyrton sandy loam can therefore be expected to remove nitrogen, 
and an initial drying period of 5 days may be tried. Infiltration rate may 
need to be adjusted to about 0.5 m/d. 
Other potential soils may be used by creating mixtures of the 
alluvial soils with the sands. 
(iii) Mixtures of alluvial soil and sand 
Table 2 shows that a mixture of about 20% Pyrton loam (which has the 
highest CEC) and 80% Spearwood sand (which has the most desirable properties 
for N removal of the 3 major sands on the Swan Coastal Plain) gives the best 
combination of soil adsorption capacity and hydraulic conductivity. The 
hydraulic conductivity is higher than the maximum desirable of 1.0 m/d, but 
in field situation it is again expected that suspended solids present in the 
treated effluent could bring the infiltration rate to between 0.5 to 1.0 m/d. 
Further adjustment in the field by addition of Pyrton loam can be implemented. 
Mixing of the two soils needs to be thorough and the cost of carrying this 
out may outweigh the use of an existing soil though with less than optimum 
properties. The use of the mixture should, however, be carefully considered. 
CONCLUSIONS 
The modelling work described in this paper has enabled us to select 
a soil for nitrogen removal more intelligently. It has also pointed to the 
need to obtain quantitative information on the parameters of the model 
(reaction rate constants, effect of temperature, leaching rate, etc.), which 
will then enable us to optimize the overall nitrogen removal system. It has 
taken about 10 years with the Flushing Meadows project to arrive at the 
'optimum' field operating conditions, aided with laboratory simulations 
(Bouwer et. al. 1979). The model has demonstrated that Pyrton loam and a 
20% Pyrton loam-80% Spearwood sand mixture would appear to be suitable soils 
for the removal of nitrogen in the recharge of groundwater using secondary 
sewage on the Swan Coastal Plain. 
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APPENDIX 
Mathematical model for nitrogen removal by alternate flooding and drying of 
groundwater recharge basins 
No model has been proposed in the literature to describe the removal 
of nitrogen by alternate flooding and drying of spreading/recharge basins. 
A number of references are, however, available in the literature describing 
and modelling nitrogen transformations in soil in agricultural applications. 
These models have been reviewed recently and applied to wastewater 
application for crop irrigation and excess water percolating through the 
soil (Gupta et. al. 1978, Iskandar & Selim 1978, Selim & Iskandar 1978). 
The model described here is divided into 3 sections: ammonium 
adsorption, biological nitrification, and biological denitrification, 
although they are inter-related, since adsorption and denitrification take 
place at the same time in the process simultaneously, and adsorption, 
nitrification and denitrification occur in sequence for the same cohort of 
ammonium ions. 
The model is developed for a soil column, and essentially simulates 
conditions below the centre of the recharge basin. 
Adsorption of ammonium during wastewater percolation 
The change in ammonium ion concentration iri the liquid(c) as it 







ax (~- Vc)- ~ ax . at 
effective dispersion coefficient of ammonium ions 
liquid pore velocity 
time 
x = distance down the soil column from the soil surface 
s = ammonium ion concentration in soil 
P = conversion factor to harmonize different units for c and s 
(mgN/~ of liquid)/(mgN/kg of soil) 
(1) 
Equation (1) is derived by carrying out an ammonium budget over a layer of 
soil, applying the principle of conservation of mass, taking into account 
dispersion of ammonium ions, and their adsorption by the soil. Both the 
dispersion coefficient and the pore velocity varies with the degree of 
water saturation of the soil (6) . Tne effect of 6 will be more significant 
at the beginning when wastewater displaces air in the column, and towards the 
end of flooding when as wastewater application is stopped, liquid drains 
down the column. During the middle portion of the flooding period, extending 
over several days, saturated flow is approached. 
Adsorption of ammonium ions by soil is primarily by an ion exchange 






where R a constant, slope of equilibrium adsorption line. 




1 + R 
v 
1 + R 
ac 
ax (3) 
The boundary conditions that are applicable if the soil initially does not 















The initial condition Equation (4a) varies in subsequent cycles depending 
on ammonium conversion to nitrate. 
If V, D and R can be assumed constant throughout the adsorption 
period, an analytical solution can be obtained for equation (3) with 
boundary conditions (4a to 4c) (Jurinak et. al. 1973). 
Nitrification during the drying period 




.!_ dm + am + k Sms 
y dt k + s 
rn 
based on McLaren's work (1971), where 
s concentration of ammonium nitrogen in soil 
Y growth yield, the amount of biomass produced per unit 
weight of ammonium nitrogen consumed 
m biomass of microorganisms 
(5) 
a ammonium nitrogen oxidised per unit biomass per unit time 
for maintenance 
i3 the amount of enzyme per unit biomass involved in waste 
metabolism 
k rate constant for waste metabolism 
k saturation constant 
m 
The first term on the R.H.S. of equation (5) represents substrate 
utilization for microbial growth, the second term is for maintenance, and 
the third for heat production or synthesis of extracellular polymers. 
Following McLaren (ibid) we express 
d!JI Yoo ms 
dt km + s 
(6) 
and Ct':D s 
a ---- (7) 
km + s 
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where Y,00 maximum specific growth rate 
aoo 
maximum value of a, and in both these cases the maximum values 
occur when substrate (ammonium) availability is not a limiting factor. 
Equation (5) then becomes 
ds 
dt 
(Ay + a + k S)m ~ 
oo oo km 
(8) 
Rearranging and integrating from t = 0 to t 
exp (y
00
t), see equation (6) with s > k; rr 
the state of nitrification. m 
0 
t, ·and approximating m by m 
biomass of microorganisms a€ 
k ln ~ + (s - s ) 
m s o 
0 " 
-~ m ( e y oo t - 1) 
y<X> g 
(9) 




+ k S 
Equation (9) gives the concentration of ammonium ion left in the 
soil as a function of drying time, provided we know m
0
, km, k and y
00
• 
Leaching and denitrification during subsequent wastewater percolation 
Flooding of a soil column with treated effluent creates anaerobic 
conditions in the soil, as microorganisms utilize oxygen to consume residual 
organic materials. The anaerobic conditions and availability of organic 
carbon porvide an ideal environment for denitrifying bacteria to convert 
nitrate ions to gaseous nitrogen. Nitrate ions being very soluble are also 
leached out of the soil by the percolating effluent, and if not denitrified 
prior to reaching the water table will contaminate it. 
* The nitrate ion concentration (c ) in the percolating liquid can 
be described by 














* * Cls 
Vc ) - P Clt 
effective dispersion coefficient of nitrate ions 
concentration of nitrate ions in soil 
conversion factor (mgN/t of liquid)/(mgN/kg of soil) 




(Ps - c ) 
* k + s m 
* * * "* (A Y
00 + a <X> + k S) 
rate constant for leaching 
(10) 
(11) 
The first term on the RHS of equation (10) describes the change 
in nitrate concentration in the liquid due to flow and dispersion, the 
second term describes the net change of nitrate ions in soil. The latter 
is given by equation (11) and consists of two components: the disappearance 
of nitrate ions due to denitrification and the leaching of nitrate ions from 
soil to solution. It has been assumed that denitrification takes place only 
in the soil phase where the microorganis~s are attached. 
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It has been assumed that the reaction kinetics for denitrification 
follows Michaelis-Menten relationship (Ardakani et. al. 1975a~ Focht and 
Verstraete 1977), and that the rate of leaching is proportional to the 
difference in nitrate concentration in the soil and in solution. The 
leaching rate constant is expected to be a function of flowrate. 
If the nitrate ion concentration 
initially uniform, the boundary conditions 
* * s (x, 0) s O<x<L 
* 
0 
c (x,O) 0 O<x<L 
c (O,t) 0 t>O 
* 
~ (L t) 
at ' 
0 t>O 
* dS at (L,t) 0 t>O 







In actual practice the boundary conditions will be governed by 
conditions prevailing after the nitrification stage, which in turn are 
governed by the conditions after the adsorption stage. 
If external factors are kept constant~ a 'cyclic' solution 
representing a situation where the boundary conditions are invariant 
should be able to be obtained. 
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